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By George C. Deutsch, Andre J. Meyer, Jr., 
and W i l l i a m  C .  k r g a a  

The practicabili ty of using ceramals with comparatively l o w  strate- 
gic material content for the blades of aircraft   turbines was determined 
in an experFmerrtal Fnvestigation. Four blade root configurations were 
examined. 

The most favorable results were obtained f o r  ceremal turbine blades 
uith single serration  interlock and dovetail  root  configurations. Six 

23  minutes at rated service speed and six. of the dovetail  type were oper- 
ated f o r  58 hours, 28 minutes at rated speed. This result confirms the 
conclusions of previous s t a t i c  design studies. 

c of the,interlock  type were operated in a 3334-33 engine for  68 hours, 

u 

Among the more important problems confronting the designers of 
aircraft-engine  turbine blade8 is the requirement that allogineS elements 
which are not domestically  avaiJXble be held t o  a mhimum. This restric- 
t ion  inrposes serious  limitations on thrust  and operating temperature of 
engines, particulsrly on the expendable types Fntended for use in guided 
missiles . Mixtures of mtals and  ceramics  (ceramals) have therefore been 
proposed f o r  use in the blades of aircraft   turbines t o  conserve strategic 
alloying elements and to permit the use of higher operating  temperatures. 
It has been shown {references 1, 2, and 3) that titanium  carbide base 
ceramals  possess long and short time elevated temperature tensile strength 
properties which are adequate fo r  mst turbine blades and possess also 
good them shock resistance. 

References  3 and 4 indicate that the first,  and perhaps  greatest, 
c problem t o  be solved in the ut i l izat ion of these materials is t o  devise 

ways of .reta€ning them in the turbine wheel. This problem is present 
because these materia& have very little or no ab l l i t y  to deform in short 

* 
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times a t  the uae temperature. In general,  faetenbg devioee suitable for 
use with these materials   mat  first have a geometry cmpatible with a 
material which appears  sensitive t o  s t ress  cancerntratians, and second, 
their design must be suoh as t o  minimize the  effects of m i - t i n g  
between the ceramal blade and the a l l o y  wheel. 

The experimental  Fnvestigatian described herein is prelQnimry and 
consisted of evalu&ting the service l i fe  of each of four ceramal blade 
root designs. One of these designs was the conventional f ir-tree con- 
figuration i n  general use for alloy blades; the  others were special 
designs based on analysie of the properties of the ceramsl-blade material 
and on data obtained at the mAcA Lewis laboratory dur ing  a previous 
invest igatfon . 

The engine chosen fo r  t h i s  program is the 533. The reasons for this  
choice were that the engine is one in which the centrifugal stress m o s e d  
on the turbine blades at take-off speed is relatively high; consequently, 
it can be presumed that if the blade root configurations  are  satisfactory 
for  th i s  enghe, they KILL be satisfactory  for most engires. Aleo, t h i s  
engine has been used for  sate time by the NACA for  mterMs evaluation 
so that the operating characteristics  are w e l l  known snd a backlog of 
aperational experience is available. 

Description of Blades 

Ccmpositian. - The turbine  blades were designed at the Lewis labor- 
atory end fabricated by ICennametaJ., k c .  The ceramals used in the turbine 
blades had the following nominal compositions : 

K-138 
K-ISBA 
K - E I A  
K-l!j2B 

T Percent by weight 

carbide1 

% complex carbide is a Solid solution of 
gppraximately 20 percent  titanium, 30 per- 
cent  tantalum, snd 50 percent colunibium 
carbides. 

I 
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- The several ceramals- were slmilar Fnsofar a s  tensile strengths were 
concerned; however, the  addition of complex carbides was found t o  increase .. the resistance to oxidation  (reference 5). 

The fabricator  reported f i rs t  the 18.7 percent  nickel and later the 
30 percent  nickel conrpositions to be less sensitive t o  notches  than the 
ceramals containkg  cobalt;  consequently,  these  cmgosftions were Fncor- 
porated in to  the study. 

IX cn a Fabrication. - The fabricator  reported that the airfoils of the  blades 
co were machined in the par t ly  sintered condition ap a multiple spindle dup- 

l icat ing machine. The pattern used incorporated a shrinkage allowance of 
approxlmately 17 percent.  After machining, the sintering treatment was 
ccsnpleted and the root  contours were ground with diamond abrasives. 

Airfoil de.sign. - The a i r f o i l  shape was he13 essentially  constant 
throughout  the couzse of the investigation. The Initial airfoil shape, 
used during the f i r s t  three engine runs, was ident ical   to  the manufac tk r  s 
design  for the J33-A-9 engine. After ccq le t ion  of this preliminary phase 
of the  investigation, it was decided t o  employ the J33-A-33, an engine of 
later design,  because the older model was approaching  obsolescence. The 
only change made In the airfoil was a slight Fncrease in length. The 
difference between the specified a i r f o i l  shape of the J33-A-33 turbFne 

justify the delay and expense involved in  procuring new patterns fo r  the 
ceramal blades a t  the time of the investigation, although th i s  Wference  

edges approximately 1/8 inch at the t i p  when placed in  a wheel bladed w i t h  
standard J35-A-33 blades. 

c blade and the original ceramal blade was not  considered great enough t o  

-9 did result  i n  an a i r f o i l  which protruded beyond both  leading and t r a i l i ng  

A t  one point in the program (runs 5 and 6 ) ,  di f f icu l t iee  were encoun- 
tered that were  attributed t o  engine vibrat im.  Blade airfoils were thiok- 
ened by 0.040 inch (0.020 in. m each side) t o  make  them  more resistant t o  
vibrations. T h e m  blades were US& in a 8-10 m;m (run 10). 

Root design. - I n  changing from the J33-A-9 t o  the J33-A-33 engine 
the root  profile was kept the same but the width was reduced (fig. I). 
For  the  standard fir-tree-type root, t h i a  change plus the slight increase 
in blade  length resulted in BR increase i n  the stress across the top 
serration of from 8900 pounds per square inch to U,400 pounds per square 
inch at rated speed fo r  a ceramal blade havFng a reported  density of 
6 .O grams per millileter. 

The root designs used are shown in figure 2. The standard f i r  tree 
(fig.  2Ca) 1 was included in the study t o  provide a base l i ne   fo r  compari- 

tests, it was one of the least promising.  Figures 2(b) and Z ( c )  show 
. roots i n  which pins of material m o r e  ductile  than either the wheel o r  

blade materials are interposed between the wheel and the blade. These 

- son purposes despite the f ac t  that, on the basis of short time strength 

Y 



pins were intended t o  provide some of the duct i l i ty  which is  lacking in - 
the ceramal  and by deforming t o  permit good seating of the blades. The 
pin  materials were annealed A I S 1  ty-pe 347 stainless steel for the inter- 
lock design and 18-8 stainless steel for   the 4-gin root. 

" 

* 

The direct  tensile stresses t o  which the roots are subjected at rated 
turbine speeds are shown in table I. 

Prior to instal la t ion in the turbine all blades were checked for cu 
soundness by penetrant o i l .  and radiographic methods. 01 

3 

Turbine Wheels 

R u m  1 t o  4 (table 11) were made using conventional wheels. Special 
wheels were procured for runs 5 t o  10; these were conventional 533-A-33 
wheels except that two diametrically opposed groups of three experimental 
root  cavities were machined into the wheel, replacing six standard f i r -  
tree cavities . " 

After the  conventional 5-816 alloyblades and the ceramal test blades 
plad been installed,  the wheels were dynamically  balanced pr ior  t o  -tal- 
lat ion in the engines. 

.. 
Turbine Blade Mounting Procedure .. 

c 

Fir- t ree  desi . - The roots of the blades i n  rima 1, 2, and 3 (see 
table-r plated  (approximtely 0.007 in. thick) such that the 
blade had -a tight sliding f i t  into the wheel. In run 1 the two ceramal * 
blades were at diametrically  opposite  -positions i n  the wheel. In those 
runs which used only 8 a ingle ceramal  blade, part of the   a i r fo i l  of the 
diametrically  opposite alloy blade was cut off for wheel balancing  pur- 
poses. In run 4 the ceramal blade had no copper plate and was l O O B e ,  
with a t i p  movement of approximately 0.020 inch. 

.. . 

Interlock design. - For runs 5 and 6 the ceramal  blade wa6 placed 
in the center position of a group of three experimental root cavities.  
The blade was flanked by alloy  blades also bv ing  t h i s  exper-ntal root 
contour but with the a i r f o i l  length reduced un t i l  the blade weight w a s  
equal t o  that of the..ceramal  blade. The purpose of t h i s  wa8 t o  impose 
the same root stresses on the ceramalblade that would exist were the 
wheel bladed ent i re ly  w i t h  ceramal blades. For  balancing  purposes the 
three  diametrically  opposite  experimental  .cavities were bladed with alloy 
blades identical  t o  those used t o  flask the ceramal blade. 

.. 
For 7 and 10 all 6 experimental root cavities  contained ceramal 

blades. I n  both runs the blades were loosely zllounted., with-a t i p  mov&nt 
of approxbmtely 0 .OW inch. . 
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- To keep the retaining  pins fram sliding out of the wheel durFng runs 7 
and 10, small Nichrome ribbon  straps were spot-welded to the wheel so that 

restrained from axial motion in the w%eels by Large "cotter"  pins (see 
f ig .  8). 

. they  covered the pins (see fig. 8). In these m s  the blsdes were 

4-pin  design. - The 4-pin  design was used in only run 8. This run 
ut i l ized two clusters of three ceranralblaaes on diametrically opposed 

N sides of the wheel. As fo r  runs 7' and 10, spot-welded Richrome ribbon 
CD straps were used to rest ra in the pins fram axial motion i n  the wheel and 
N large  cotter pins were used t o  restrain the blades [fig. 10). 
UI 

Dovetail design. - The dovetail design was used in run 9 only,  in 
which the w h e e l  contained six ceramal blades. In t h i s  run, 0.0025 inch 
thick shims of flat nickel-plated copper screen were inserted between the 
ceramal blade root and the wheel. The purpose of this shim was to improve 
the uniformity ' of loading OR the blade root. Again axial motion of the 
blade in the wheel was prohibited  by the use of cot ter  pins [figs. 12 
and 13) . The average t i p  movement of the blades in this run was 0.015 inch. 

Engine Operat ion Procedure 

- The engines used i n  the  investigation were operated in pendulum-type 
sea-level  stands. In general, the program of operation  consisted of 
incremental  increases in engine speed fran the idling condition t o  full 
rated speed. The program of engine  operation shown in table II waa fa- 
lowed when the blades were f i rs t  brought t o  rated speed. During sub- 
sequent starts, the engine was slowly  accelerated t o  rated speed, a pro- 
cedure that required about 10 mFnutes. 

The manufacturer s rated speed for  the 533-A-9 engine was ll, 500 rpm; 
f o r  the 533-A-33 engine, U,750 rpm.. In the tests covered in this study, 
each  engine w a s  operated at its rated speed. 

The fue l  used in  dl runs was JP-4. The engine  speed was controlled 
by means of a stroboscopic  tachometer for both the rate of approach and 
hold at the take-off  speed (ll,7'50 rpm) . When take-off  speed wa6 attained, 
the speed was  checked with a more accurate chronometric tachaneter and, 
if  required, slight adjustments in  speed were =de. Since the properties 
of the ceramalmkterials used in t h i s  investigation are considered rela- 
tively  insensitive t o  temperature changes Fn the range under study,  the 
exhaust  nbzzle of the engbe waa left in the open position at dl times. 
The temgerature of the engine was  measured by means of the ring of thermo- 
couples in  the tai l  pipe,  but no attempt was made t o  control this temper- 

alloy blades was estimated t o  be 1450° F. 
- ature. The. temperature in the normal fa i lure  zone of the a i r f o i l  of the 
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The vibration of the engine was measured by a Sperry e lec t r ic  
induction-type  vibration  pickup. This instrument was mounted on top of 
the  engine and was sensit ive  to  vibrations  vertical   to '  the axis of the 
engbe. 

Other than  the use of experimental roots, two design changes were 
made in  the engine for the purposes of t h i s  program. F i rs t ,   th in  
(0.032. inch)  Inconel X sheet w m  sAs t i tu t ed   fo r  the shroud band of the 
engine.  Since this sheet was thin, fragments froan failed blades read- cu 
pierced it and escaped, thereby minimizing damage t o  Wailed blades fram 
flying fragments of previously failed blades. Second, i n  runs 8, 9, and 
10, considerably  stronger  cdmstion-chaniber-liner  retaining pins were 
used.  Experience has shown that this part  fails frequently and the 
change was t o  prevent fragments of these pins from paseing through the 
turbine and  damaging the blades. 

Q) ua 
N 

DISCUSSION OF FWULTS 

A summary of all the blade operating data is given in table II. 
Fir-tree blade runs. - There are several  significant features of 

the operating data using the fir-tree-type  blade  root. In one run (4) 
wing the fir-tree root,  the  turbine did a t t a i n   f u l l  rated speed.  This 
is gratifying when it is noted that the composition was not  the best one 
f o r  these tests and static tests indicate that this design is one  of the 
least sui ted  for  use with b r i t t l e  materials. 

In run 2 the engine was shut down after it had reached a epeed of 
7000 rpm because of a failure in the lubrication system, and in rtl~l 4 an 
emergency  shutdown Was experienced after the engine had reached 6000 
because of a fue l  l e a .  Neither. the vibration  nor thermal Shock result- 
ing from these shutdowns caused vis ible  damage t o  the blades and each run 
was continued, Also, i n  each of these runs abnormally severe vibration 
conditions were experienced while the  engine was coming IQ t o  speed. I n  
run 2 t h i s  occurred at approximately &400 r p n  and i n  run  4, between 8ooo 
and 9000 q m .  In neither  case did failure OCCUT at these conditions. 

Reference 4 indicates that increased life was achiemd on  small 
blades of similar compositions by interposing a copper plate between the 
blade root and the wheel. In the runs covered.by  reference 4 the blades 
were subjected t o  a much lower stress state than  in  the covered by 
this report. While the data are very fragmentary, a compELrison of lzza 4 
[without copper plate) with runs 1, 2, and 3 ( w i t h  capper plate)  indicate8 
that since  the l i f e  of the blade  without platlng was superior  to that of 
the coated blades, this effect  was not  present in  the run6 at the higher 
stress states used in this study. However, the blades used in  runs 1, 2, 
and 3 were of earlier manufacture and of different composition and did 
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* not  appear so sound as the blade used In run 4. Figures 3 and 4 indicate 
the type of failures encountered with thfs type of root. 

- 
Interlock blade runs. - Runs 5 &d 6 each used a single ceramal 

blade w i t h  two adjacent  shortened alloy blades and three shortened alloy 

KI 
UI 
(D 
N 

blades. a t  diametrically  opposite  positions 5x1 the wheel. The gaps left 
in the wheels by these  shortened  blades  apparently  cawed a major dis- 
turbance i n  the normal vibration  characteristics of the  engine  because 
i n  each  case unusually severe  vibrations  occurred which resulted in  severe 
damage t o  the struts supporting the '%bullet" in the  tailcone. After run 5 
these struts had a large nuniber of cracks which were repaired by welding. 
After run 6 the damage was even more extensive and the struts collapsed. 
While it appears  probable that th is  severe  vibration caused the blade 
a i r f o i l  failures, the alloy blades in the remainder of the wheel. 
experienced no sll?pareIlt damage under the same conditions. A ceramal 
failure in these runs is shown in figure 5. 

Run 7 ut i l ized six ceramal blades and was an attempt to   correct  the 
vibration  conditions of the  two previous m s .  The appearance of the 
failure ( f ig  . 6) indicates that the first blade t o  fail  was the one in 
which half the a i r f o i l  i s  missing. The remainder of the fai lures  appear 
t o  have resulted from impact by fragments from the first failure. Micro- 
scopic  examination of the blade that is presumed t o  have failed first did - not  reveal any defect in this blade. 

During d i s a s s e l y  of the engine after runs 5, 6, and 7, it was 
noted that several of the conibustion-chaniber-liner positioning pins had 
also failed. If these fa i led   p r ior  to the blade failure and then  passed 
through the turbine, their -act with the blades could  account fo r  the 
comparatively ltsw the of operation of these m s .  

- 

Run 10 was intended t o  avoid the probable  causes of fa i lures  Fn 
runs 5, 6, and 7. The blade was made more resistant to   vibrat ion by 
thickening the a i r fo i l .  The co&ustion-cha&e-lher  positioning pins 
were strengthened. 

After 68 hours and 23 minutes st rated speed, failure  occurred. 
Three of the blades on one side of the wheel failed in the root [fig . 7 1 
while the three apposing blades (fig. 8) suffered  relatively l i t t l e  
damage. Bo cause f o r  the failures could be ascertafned. 

The retaining pins in  each of the interlock runs defomd  p las t ica l ly  
during  operat  ion. Thus, at least t o  sane extent,  they were performFng 
their intended  role, which was -roving the seating of the blades. 

4 -ph  blade runs. - As in the previous run this wheel was bladed 
with two diametrically opposed clusters of three ceramal t u r b h e  blades 
[fig. 9). After 1 hour and 40 minutes of operation the f u e l  pumg t o  the 
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engine failed, neceseitating that the engine be slowed t o  idle speed as 
rapidly as possible. . e t e r  9 h v s  and 42 minutes .of oErat ion (7 h r  and 
9 min of operation at rated conditions), the blades were all in  g m d  cnn- 
dition. After 19 hours and 42 minutes of operation (16 h r  and 8 min at 
rated speed), two out of the three blades in one cluster  and one out of 
the  three blades in the other  cluster were fractured acros6 the bottorri 
two retaining  pins  (fig. 10). The time these failures occurred is 
unknown; it appeared  probable that the blade had been rutlning in this 
failed condition  for  several hours. As the cot ter  pFns were no longer 
effective  in  restraining  the blades, a sheetmetal s t rap was instal led 
across the top row of pins and operation was continued (fig.  ll}. 

- 
I 

After 20 hours and 30.minutes at rated speed oae blade failed acros8 
the top two pins and the fragnents damaged the remaining 5 blades 
(fig.  8(b)).  AB i n  m 7, inspection during engine di6asSenibly showed 
that several of the cardbust ion-chtlmber-liner retaining  pins had failed 
and that there had been severe damage t o  the aft end of the  engine. 

Again defornaation was noted in the blade retaining pins. T h i s  
deformation was slight and a sof ter   pin material might prove more 
beneficial . 

Dovetail run. - I n  this run mechanical failure of engine  accessories 
necessitated three emergency shutdowns. These did not ' resul t   in   vis ible  - 
damage to   t he  blades. After 58 hours and 28 minutes of operation at 
rated speed, one blade  failed across the root ( f ig  . 9) and damaged both 
the adjacent ceramal blades and the ceramal blades on the opposite side 
of the w h e e l ,  a8 well as several alloy blades (f ig .  10) . An enlarged 
view of t h i s  failed root is shown i n  figure 11. From the impression of 
the screen on the blade, it is evident that the screen w a ~  p las t ical ly  
deformed during ths  test. A shaq line o f  contact-between the screen __ 
and the root can be noted in the figure . The cracks appear t o  follow 
th i s  line. The stress concentration wkich caused the failure may have 
existed in this area. 

.I 

.. 

General comments. - This work was of an exploratory nature and the 
variables were not studied in  sufficient detail t o  permit much analysis. 
While no attemgt can be made t o  separate the effects of composition, root 
shape, and engine type on t b  l i f e  of the bladea, a considerable improve- 
ment in  blade l i fe  over. that yielded by the fir-tree type  root wa8 
obtained. It appears likely that this imgrovement was obtained  largely 
through changes i n  root  design. It is also of interest  that the trends 
i n  engine l i fe  me similar t o  those  obtained in stat ic   physical  tests. 
Since the stress-rupture l i fe  of the material has not been  reached, con- 
siderable  additional gains probably can be made. 

A study of the operating  logs of the investigation shows that the 
blades were subjected t o  severe and i n  some cases  repeated  thermal shocks 
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c that resulted f r o m  engine  accessory failures. The blades were able t o  
withstand  these  conditiom . 

- The mechanical impact of f a i l ed   b l ade   f r awnt s  in most cases only 
chipped the remahing ceramal  blades. Whether t h i s  chipping is more 
detrimental to continued  operation  than the disturbance t o  the air flow . 
caused by the  distorted a l l o y  blades that result from an a l l o y  blade 
failure is not known; however, the runs indicate that the blades have a 
considerable amount of toughness a t  elevated tenrperatures. co 

N 
% 

SUMMARY OF RESULTS 

Engine tests were conducted to  evaluate  the performance of titanium 
carbide  base ceramal turbine  blades having  various root contours. A 
blade l l fe  of 68 hours and 23 minutes at rated speed was attained f o r  
the 533-A-33 enghe. The root that yielded this W e  was of the inter- 
lock type. The dovetail root blade had a l l fe  of 58 hours and 28 min- 
utes at rated speed: The tests indicated that the blades have the 
ab i l i t y  t o  wlthetand  thermal shock cmditiane encountered in routine 
engine  operation. 
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( c )  4-pin root. 
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Figure 3. - Failure of ceramal blades having f i r - t r ee  root after 3 houre and 2 1  minutea 
of operation. pallure occurred a t  10,900 rpm. 

Figure 4 .  - Failure af ceramal blades having fir-tree root after 2 hour6 and 23 mlnutee 
of operation. Failure occurred at 9000 rpan. - 
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Figure 6. - Failure of oeramal blades having interlock mote after 1 hour axd 10 minutee 
of operation. Failure occurred at 11,370 rp. 
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Figure 8 .  - Dgrmage to oeramal turbine blade0 (interlock root) cawed by fragmente of 
failed ceramal turbiae blade. 

alllll) 



NACA RM E52Kl3 YT 
i * 

19 

BTgure 9. - Ceramal turbine bLadee hap- $-pin type roots prior to operation. 
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Figure 11. - Failure of ceramal blade having 4 - p h  root after 20 hour6 and 30 minutes of 
oprat ion at rated speed. 
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